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IN-PLANE SENSING LORENTZ FORCE
MAGNETOMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part application of
U.S. patent application Ser. No. 13/004,383, filed on Jan. 11,
2011, by Seeger et al., and entitled “Micromachined Reso-

nant Magnetic Field Sensors” and a continuation-in-part of
U.S. patent application Ser. No. 13/004,365, filed on Jan. 11,

2011, by Seeger et al., and entitled “Micromachined Reso-
nant Magnetic Field Sensors”, the disclosures of both of
which are incorporated herein by reference as though set

forth 1n full.

BACKGROUND

Various embodiment of the invention relate generally to a
directional magnetometer and particularly to a MEMS
Lorentz force magnetometer

A directional magnetometer 1s a sensor that measures
magnetic field along an axis. An 1deal 1in-plane magnetom-
eter 1s sensitive to magnetic field that 1s parallel to the planar
geometry of the magnetometer. An 1deal out-of-plane mag-
netometer 1s sensitive to magnetic field i the direction
perpendicular to the planar geometry of the magnetometer.
For high volume, low cost production 1t 1s advantageous to
use the same fabrication methods as other micro-machined
inertial sensors like accelerometers and gyroscopes. A
MEMS Lorentz force magnetometer 1s such a sensor.

A MEMS Lorentz force magnetometer has a drive sub-
system where an electric current flows through the drive
subsystem and a Lorentz force acts on the drive subsystem
resulting 1 motion about a first axis 1 response to a
magnetic field along a second axis substantially parallel to
the plane of a substrate.

However, unwanted forces can arise on a MEMS device
with a MEMS Lorentz force magnetometer from ofl axis
magnetic field, electronic noise sources, exogenous linear
acceleration and other sources. If these forces are not
balanced about the rotational axis they will cause motion
and will be undesirably detected by the sensing element and
misinterpreted as a Lorentz force. They will be indistin-
guishable from magnetic generated motion and will cause
cross axis error, oflset and additional noise.

Thus there 1s a need for MEMS magnetometers to mea-
sure magnetic fields with increased accuracy and reduced
noise and size.

SUMMARY

Briefly, an embodiment of the invention includes a mag-
netic field sensor having a driving element through which an
clectric current circumnavigates the driving element. The
driving element 1s coiled-shaped. A Lorentz force acts on the
driving element resulting 1n a torque about a first axis 1n
response to a magnetic ficld along a second axis substan-
tially parallel to the plane of a substrate. A sensing element
of the magnetic field sensor 1s configured to rotate about the
first axis substantially parallel to the plane of the substrate 1n
response to the magnetic field along a second axis. A
coupling element mechanically couples the driving element
to the sensing element. The driving element, the sensing
clement, and the coupling element are disposed 1n the plane,
substantially parallel to the substrate. At least two anchors
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2

are configured to connect the driving element, the sensing
clement, and the coupling element to the substrate.

A Turther understanding of the nature and the advantages
of particular embodiments disclosed herein may be realized

by reference of the remaining portions of the specification
and the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a magnetic field sensor, 1n accordance with
an embodiment of the mvention.

FIG. 2 shows a magnetic field sensor 40, in accordance
with another embodiment of the invention.

FIG. 3 shows a top view of a magnetic field sensor 70, 1n
accordance with another embodiment of the invention.

FIG. 4 shows a magnetic field sensor 100, 1n accordance
with another embodiment of the invention.

FIG. 5 shows a flow chart of the steps performed 1in
driving current through the magnetometer of the embodi-

ment of FIG. 4.

DETAILED DESCRIPTION OF EMBODIMENTS

The following description describes a magnetic field
sensor. In one embodiment of the invention, the magnetic
field sensor has two perpendicular single axis sensors that
are used to measure both m-plane magnetic fields.

As shown and described herein, a sensing subsystem 1s
used to detect the motion of the drive subsystem and the
drive and sense subsystems are disposed on a common
plane. An embodiment of the invention 1s an 1n-plane
sensing having micromachined Lorentz force magnetometer
structures with the added improvements of increased
Lorentz force transduction, lower errors and a single struc-
ture magnetometer with dual in-plane magnetic sensing.
Related and previously-filed patent applications are U.S.
patent application Ser. No. 13/004,363, filed Jan. 11, 2011,
and Ser. No. 13/004,383, filed Jan. 11, 2011, which describes
a method for shielding the drive subsystem to minimize
unwanted electrostatic actuation and dual mass magnetom-
eters.

Increased Lorentz force transduction for in-plane magne-
tometers 1s achieved by increasing the length of the Lorentz
force beam by using partial coils, single coils and multi-coils
drive structures. A coil 1s defined as a structure where the
current circumnavigates the coil 1n a clockwise or anticlock-
wise direction. The more turns in the coil structure the more
Lorentz force transduction and the more Lorentz force is
applied to the MEMS structure increasing its sensitivity to
magnetic field.

To save space and cost, a single magnetometer 1s
described which can measure magnetic field 1n two direc-
tions.

Retferring to FIG. 1, a magnetic field sensor 10 (also
known herein as a “magnetometer”) 1s shown, 1n accordance
with an embodiment of the invention. Sensor 10 1s shown to
be generally symmetrical about axis 12 and includes: a drive
anchor 20, a drive spring 22, a driving element 14, a sensing
clement 16, a sensing spring 24, sense anchor 26, a drive
anchor 30 and 34, a drive spring 32, a drive spring 28, a
coupling element 18, and a pair of electrodes 1, all of which
are parallel and suspended from a substrate. Similar to
sensor 10, as depicted 1n FIG. 1, the dnving element 14 1s
shown to be generally symmetrical about axis 12. The
sensing element 16, the coupling element 18, and the driving
clement 14 are all shown coupled to the substrate.

Sensor 10 can be realized using MEMS fabrication.
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The driving element 14 1s coil-shaped. Coil shape 1s
defined as any structure that would cause the drive current
to fully or partially circumnavigate around an axis. The
driving element 14 and the sensing element 16 are shown
coupled to each other by the coupling element 18. The drive
spring 32 couples the drive anchor 34 to the drive coil 14 and
the drive spring 28 couples the drive anchor 30 to the drive
coil 14. Similarly, the drive spring 22 couples the drive
anchor 20 to the drive coil 14. The electrodes 1 are disposed
between the sensing element 16 and substrate 10 and each on
either side of the axis 12

In operation, an electric current tlows through the driving
clement, a Lorentz force acts on the driving element 14
resulting 1n a torque about an axis, such as axis 12 i FIG.
1, in response to a magnetic field along another axis, such as
the x-axis. The sensing element 16 rotates about axis 12 in
response to the magnetic field. Accordingly, sensor 10 1s an
exemplary embodiment of an x-axis, in-plane, sensing
Lorentz force magnetometer with a single coil structure. In
such a structure, the Lorentz current circumnavigates one
complete circle around the sensor.

Sensor 10 1s suspended from the substrate and 1s parallel
to the substrate. The drniving element 14 1s suspended from
the drive springs 22, 32, and 28 and it 1s anchored to the
substrate via the drive anchors 20, 34, and 30, respectively.
The sensing element 16 1s suspended by the sense spring 24
which 1s anchored to the substrate with the sense anchor 26.
As previously noted, the driving element 14 and the sensing,
clement 16 are coupled together with the coupling element
18.

The current path 1s made low resistance to reduce power
consumed 1n the drniving element 14. A low resistance
driving element can be manufactured using low resistance
highly-doped silicon. Preferably, the highly doped silicon
has resistivity less the 5 mOhm-cm. Low resistance can also
be achieved using silicon with a low resistance material such
as Aluminum, deposited/bonded on top thereof.

The sense subsystem, defined by the sensing element 16,
the coupling element 18, and the driving element 14, rotates
about axis 12 causing an out-of-plane motion. A sensing
mechanism 1s used to detect the out-of-plane motion of the

sensing ¢lement 16. The sensing mechanism can be an
clectrode between the sense element and the substrate to
form a capacitive sensor, where in capacitance of the capaci-
tive sensor changes 1n response to magnetic field. The sense
subsystem forms a variable capacitor using fixed electrodes,
1.€. electrodes 1, placed between the sensing element 16 and
substrate 10. The electrodes 1 form a capacitive sensor,
wherein capacitance of the capacitive sensor changes in
response to magnetic field. In another embodiment the
sensing mechanism can be an optical interferometer sensor,
where the interferometer signal changes in response to
magnetic field. In another embodiment the sensing mecha-
nism can be a piezoresistive sensor, where 1n resistivity of
the piezoresistor sensor changes in response to magnetic
field.

An alternating current (AC) voltage potential 1s applied
between drive anchor 30 and drive anchor 34 causing an AC
current to circumnavigate the driving element 14. In the
presence of an x-axis magnetic field, the current flowing in
the drive coil along the y-axis causes Lorentz forces to
couple and create a Lorentz torque about axis 12. This torque
causes the sensing element 16 to rotate about axis 12 causing
an out-of-plane motion of the sensing element 16. The
motion of the driving element 14 1s transierred to the sensing,
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clement 16 via the coupling element 18. The out-of-plane
motion of the sensing element 16 1s measured to determine
the x-axis magnetic field.

IT an off ax1s y-axis magnetic field 1s applied to the x axis
magnetic sensor. The current flowing 1n the x axis causes
Lorentz forces to be applied to the dniving eclement 14
however, these L.orentz forces are balanced about the axis of
rotation 12 and no Lorentz torque i1s created. Therefore no
net motion 1s caused and off axis magnetic fields are not
sensed. If a z-axis magnetic field 1s applied, then in-plane
forces are generated and rejected by the sensing element 16,
which only detects out-of-plane motion.

In an embodiment of the invention, the coupling element
1s made using the same or uniform material as the sense
clement and 1n another embodiment, the coupling element 1s
made of different materials. To electrically 1solate the drive
voltage to the sensing voltage and electrical nsulating
material can be used.

In some embodiments, the driving element 14 1s made
with the same material as the sense element which simplifies
the manufacturing and reduces the cost of fabrication the
sensor 10.

In some embodiments, the sensing element 16 1s con-
structed using an electrically conductive material. In some
embodiments, sensing eclement 16 1s made of the same
material and 1n other embodiments, sensing element 16 1s
made of different materials as suitable for the drive system.

In some embodiments, the out-of-plane motion of the
sense element 16 caused from x-axis magnetic field 1s
measured by placing an electrode underneath sense element
16 to measure the change in capacitance. In some embodi-
ments, the out-of-plane motion of the sense element, of
sensor 10, 1s detected using an optical interferometry sensor
where the interferometer signal changes 1n response to
magnetic field. An interferometer uses the wave properties
of light to measures the distance between an object and a
reference point. Here the imterferometer will measure the
relative motion of the sense element 16 and the substrate. In
some embodiments, the out-of-plane motion of the sense
clement, of sensor 10, 1s detected using a piezoresistive
sensor where resistivity changes in response to a magnetic
field

Accordingly, two perpendicular single axis sensors 10 are
required to measure both the m-plane magnetic field axes.

For an x-axis magnetometer, the Lorentz torque 1s pro-
portional to the length of the coil along the y-axis, the
magnitude of the current and the radius from the rotational
axis. Increasing the y-axis length of the coil can be achieved
by diflerent sizes and shapes of the drive coil. In various
embodiments of the invention, a coil can be of a circular
shape, or a rectangular shape, or any other shape. For
example, a half-turn coil design 1s shown in FIG. 2, a
single-turn coil design 1s shown 1n FIG. 1 and a double-turn
coill design 1s shown m FIG. 3. Other coil designs are
contemplated where 34 turn coils, 1.5 turn coils and greater
than double-turn coils are contemplated.

FIG. 2 shows a magnetic field sensor (magnetometer) 40,
in accordance with another embodiment of the invention.
Sensor 40 1s analogous to sensor 10 except its driving
clement 1s made of two half-turn coils. Sensor 40 1s shown
to be generally symmetrical about axis 12 and includes: a
sense anchor 20, a sense spring 22, a sensing element 46, a
sensing spring 34, a sense anchor 52, a drive anchor 50, a
drive spring 48, a drive balance spring 58, a drive balance
anchor 56, a drive balance spring 25, a drive balance anchor
21, a drniving element made of a drive half coil 60 and a drive
balance half coil 42, a drive anchor 66, a drive spring 64, the




US 9,664,750 B2

S

sense coupling element 62, the electrodes 1, and the balance
coupling element 44 all of which are formed parallel and
suspended from the substrate. The sensing element 46, the
coupling element 62, the driving element 60, the drive
balance half coil 42 and the drive balance coupling element
44 are all shown coupled to the substrate. The coupling
clement 62 may be a compliant or a rigid element

The coil 42 1s shown coupled through the spring 38 to the
anchor 56 and through the spring 25 to the anchor 21. The
coil 60 1s shown coupled through the spring 48 to the anchor
50 and through the spring 64 to the anchor 66.

During operation, 1 FIG. 2, an AC voltage potential 1s
applied between drive anchor 30 and drive anchor 66
causing an AC current to tlow Y2 turn around the driving
clement 60. In the presence of an x-axis magnetic field, the
current flowing in the dniving element 60, along the y-axis
causes a Lorentz torque about axis 12. This torque creates a
motion of the driving element 60 about axis 12. The motion
of the driving eclement 60 1s transierred to the sensing
clement 46 via the sense coupling element 62. The out-oi-
plane motion of the sensing element 46 1s measured to
determine the x-axis magnetic field.

The half coil 42 adds symmetry to the sensor 40. Half coil
42 coil 1s analogous to the half coil 60 and has been mirrored
about the axis of rotation, such as axis 12. The half coil 42
1s suspended by the springs 58 and 25, which are connected
to the substrate through the anchors 56 and 21, respectively.
The coil 42 1s connected to the sensing element 46 through
the coupling element 44.

Similarly, half coil 60 1s suspended by the springs 48 and
64, which are connected to the substrate through the anchors
50 and 66, respectively. The coil 60 1s connected to the
sensing element 46 through the coupling element 62.

In alternative embodiments and methods, for actuation
such as that of FIG. 2, the half coil 42 1s a secondary coil.
In the embodiment of FIG. 2, current 1s driven 1n the half coil
42 and 1s also driven 1n the half coil 60.

FIG. 3 shows a top view of the magnetic field sensor
(magnetometer) 70, 1n accordance with another embodiment
of the invention. The sensor 70 1s analogous to the sensor 10
except that its driving element 72 1s a double-coil.

Sensor 70 includes: a drive anchor 74, a drive spring 75,
a driving element made of a 2-turn coil 72, a sensing element
98, a sensing spring 76, a sense anchor 96, a drive spring 94,
a drive anchor 78, a drive spring 90, a drive anchor 92, a
drive spring 88, a drive anchor 86, a drive anchor 84, a drive
spring 82 and a coupling element 80 all of which are parallel
and suspended from the substrate. The sensing element 98,
the coupling element 80 and the driving element 72 are
shown coupled to the substrate.

The driving coi1l 72 1s made of a double-turn coil, which
circumnavigates the sense element 98 twice.

In operation, an AC voltage potential 1s applied between
drive anchor 92 and drive anchor 84 causing an AC current
to circumnavigate around the driving element 72 twice.
Drive anchors 86, 74 and 78 are placed in a way to force the
driving element 72 to rotate about axis 12. In the presence
ol an x-axis magnetic field, the current flowing in the driving
clement 72, along the y-axis, causes Lorentz forces to couple
and create a Lorentz torque about axis 12. This torque
creates a motion about axis 12. The motion of the drive coil
1s transierred to the sensing element via the coupling ele-
ment 80. The out-of-plane motion of the sensing element 98
1s measured to determine the x-axis magnetic field.

The device of FIG. 1, FIG. 2 and FIG. 3 shows symmetry
about the axis of rotation, depicted as axis 12 1n these
figures. This symmetry has the benefit of rejecting unwanted
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forces. Unwanted forces can arise from ofl axis magnetic
field, electronic noise, out-oi-plane z-axis linear acceleration
and from other sources. Shown 1n FIG. 1, FIG. 2 and FIG.
3, these magnetometers are symmetric about the axis of
rotation where distributive forces are balance about the axis
of rotation, shown as axis 12, and cause no net torque.

FIG. 4 shows a magnetic field sensor (magnetometer)
100, in accordance with another embodiment of the inven-
tion. The sensor 100 1s an extension of sensor 10 where a
second drive coil has been added around the outside of
sensor 10 so that the structure 1s sensitive to two in-plane
axes ol magnetic field.

The sensor 100 includes: a drive anchor 103, a drive

spring 108, a drive coil 112 and a drive coil 110, a sensing,
clement 101, a coupling element 104, a drive anchor 114, a
drive spring 116, a drive anchor 120, a drive spring 118, a
sense spring 122, a sense anchor 124, a drive anchor 128, a
drive spring 126, a drive anchor 130, a drive spring 132, a
drive anchor 134, the electrodes 1, a drive spring 136, and
a coupling clement 138. The sensing eclement 101, the
coupling element 138, the coupling element 104, the driving
clement 112, the driving element 110 are all shown parallel
and suspended from the substrate.
Shown 1n FIG. 4, the sensing element 101 1s surrounded
by the drive coil 110 and the drive coil 110 1s surrounded by
the drive coil 112. The coupling element 138, while disposed
between the coils 110 and 112, 1s substantially L-shaped and
does not and need not extend all around the coil 110.

The coi1l 112 1s connected to the substrate through drive
spring 118, 116 and 136 to drive anchors 120, 114 and 134
respectively. The coil 110 1s connected to the substrate
through drive spring 132, 126 and 108 to drive anchors 130,
128 and 103 respectively. The sense element 101 1s con-
nected to the substrate through the spring 122 and anchor
124. The coupler 104 connects the drive coil 110 to the sense
clement 101. The coupler 138 connects the drive coil 110 to
drive coil 112. Therefore all components are connected to
the substrate through springs and anchors

The two axis sensing magnetometer consists of two drive
coil structures that are concentric and laterally perpendicular
to each other. To measure one axis current 1s driven through
the outer coil and to measure the other axis current 1s driven
through the inner coil. The two coils are joined together with
a drive coupler so that motion on the mnner coil causes
motion on the outer coil and vice versa. The sensing element
101 1s connected to the drive coils 110 and 112 and measures
the motion induced from either of the connected drive coils.
Motion on either the inner or outer drive coil will cause
motion on the sensing element 101.

To distinguish the two axes of magnetic field, the sensor
100 could be operated 1n either 1n a sequential or simulta-
neous mode, the latter of which will be further described
relative to FIG. 5. In sequential mode, each axis 1s excited
and sensed at a different time. For simultaneous operation
the two drive coils are driven at the same time but are
separated 1n phase by substantially 90 degrees. Theretore,
two axis of magnetic motion can also be separated by doing
phase detection at the sensing element.

The two axis in-plane sensing magnetometer (sensor 100)
of FIG. 4 1s an extension of sensor 10, the mner portion 1s
analogous to the single in-plane sensing axis magnetometer,
sensor 10, of FIG. 1 and the operation 1s analogous to that
of the sensor 10. A second outer drive section has been added
and 1s rotated 90 degrees from the first drive coil. The second
drive coil of the sensor 100 1s suspended by the drive springs
118, 136, and 116. The drive springs 118, 136, and 116 are
attached to the substrate through drive anchors 120, 134, and
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114, respectively. The second drive 1s connected to the first
drive coil through coupler 138 The motion of the second
drive system causes motion of the first drive system and vice
versa.

To sense the second axis of magnetic field a current 1s
driven through the coil 112 by applying a voltage potential
between drive anchors 120 and 114. The current in drive coil
112 along the x-axis creates a Lorentz torque about axis 13
when a y-axis magnetic field i1s present. This causes drive
coil 112 to rotate about the axis 12 which causes the coupler
138 to rotated and apply a rotation of the drive coil 110 about
axis 12. The rotation of the drive coil about axis 12 1is
transierred to the sensing element 101 through the drive to
sense coupler 104. The out-of-plane motion of sensing
clement 101 1s detected.

The coupling element 138 1s constructed to transier the
rotational motion about axis 13 of the drive coil 112 to
rotational motion about axis 12 of the drive coil 110. It 1s
designed 1n such a way that 1t 1s mass balanced where an
out-of-plane uniformly distributed force applied to the mag-
netometer structure causes no motion. Torsional compliance
1s 1ncluded 1n the coupling element 138 to permit drive coil
110 and drive coil 112 to rotate about diflerent axes. In this
embodiment the compliance 1s derived from the low tor-
sional stiflness of the long slender beams.

In a second embodiment of the coupling element 138 the
compliance 1s added as a separate flexible element. The
coupling element 138 comprises a first rotational lever that
rotates about the axis 12, a second rotational lever that
rotates about axis 13 and a flexible element connecting the
first rotational lever to the second rotational leverSensor 100
can be operated in two modes; sequentially or simultane-
ously, as discussed 1n further detail relative to subsequent
figures. To run each axis sequentially current 1s driven
though drive coil 110 and the motion of the sensing element
101 determines the x-axis magnetic field then current 1s
driven through the drive coil 112 and the motion of the
sensing element 101 determines the y-axis magnetic field.
The two measurements are time multiplex to separate the
two outputs on the same sense element 101.

To measure simultaneously the drive coils, 110 and 112,
are driven at the same time but are phase shifted substan-
tially 90 degrees from each other. Therefore, the motion
induced at the sensing element 101 1s also separated by a 90
degrees phase. The two signals can be measured 1indepen-
dently by sensing at the correct phase. Phase selection can
be done by several methods including synchronous demodu-
lation using the coil drive signal as a reference.

In FIG. 4, either the coil 110 or 112 or both can be
half-turn or multi-turn coils, 1n alternative embodiments,
analogous to that which 1s shown 1n FIG. 2 and FIG. 3.

FIG. 5§ shows a flow chart of the steps performed in
driving current through the magnetometer of the embodi-
ment of FIG. 4. In FIG. 5, steps are shown for measuring the
magnetic field simultaneously.

In FIG. 4, the process starts by driving (AC) current
through the mner drive coil, such as the coil 110, at step 166.
Next, at step 168, the dnive current through the outer coil,
such as the coil 112, 1s substantially 90 degrees phase-shifted
relative to that of the mner drive current (the current at step
166). Next, at step 170, the displacement of the sense
clement, such as the sensing element 101, 1s measured, 1n
phase with the outer drive current (the current at step 168).
Next, at step 172, the magnetic field along the y-axis 1s
measured. Next, at step 174, the displacement of the sense
clement 1s measured, 1n phase with the mner drive current.
Next, at step 176, the magnetic field along the x-axis 1s
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determined, and at step 178, the inner drive current and the
outer drive current are both stopped.

Thus, while particular embodiments have been described
herein, latitudes of modification, various changes, and sub-
stitutions are intended in the foregoing disclosures, and it
will be appreciated that in some 1nstances some features of
particular embodiments will be employed without a corre-
sponding use of other features without departing from the
scope and spirit as set forth. Therefore, many modifications
may be made to adapt a particular situation or material to the
essential scope and spirit.

What we claim 1s:

1. A device comprising:

a magnetic field sensor including,

a driving element onto which a Lorentz force acts
resulting 1n a torque about a first axis 1n response to
a magnetic field along a second axis, the direction of
the magnetic field being substantially parallel to a
plane of a substrate onto which the driving element
resides, the driving element being a coil through
which an electric current tflows:

a sensing element configured to rotate about the first
axis substantially parallel to the plane of the sub-
strate and 1n response to the magnetic field,

wherein the sensing element and the driving element have

a symmetric structure relative to each other about the

first axis;

a coupling element mechanically coupling the driving
clement to the sensing element, the sensing element
and the coupling element being disposed in the
plane, substantially parallel to the substrate; and

at least two anchors configured to connect the driving
clement, the sensing element, and the coupling ele-
ment to the substrate.

2. The magnetic field sensor of claim 1, further compris-
ing at least one electrode disposed between the sensing
clement and the substrate to form a capacitive sensor, where
in capacitance of the capacitive sensor changes 1n response
to magnetic field.

3. The magnetic field sensor of claim 1, further compris-
ing at least one optical interferometry sensor, where the
interferometer signal changes 1n response to magnetic field.

4. The magnetic field sensor of claim 1, further compris-
Ing a piezoresistive sensor, where 1n resistivity of the
piezoresistor sensor changes 1n response to magnetic field.

5. The magnetic field sensor of claim 1, wherein the
clectric current 1s AC modulated.

6. The magnetic field sensor of claim 1, wherein the
driving element 1s balanced about the first axis.

7. The magnetic field sensor of claim 1, wherein the
driving eclement, the sensing element, and the coupling
clement are made from the same material.

8. The magnetic field sensor of claim 1, wherein the
coupling element 1s made from a first material, and the
driving element and the sense element are each made from
a second material, the first material being different than the
second material.

9. The magnetic field sensor of claim 1, wherein the
driving element 1s made from a first material and the
coupling element and the sense element are each made from
a second material, the first material being different than the
second material.

10. The magnetic field sensor of claim 1, wherein the
driving element 1s comprising highly doped silicon of with
resistivity less than 5 milli Ohm cm.

11. The magnetic field sensor of claim 1, wherein the
driving element comprises metal.
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12. The magnetic field sensor of claim 1, wherein the
colled-shape 1s a half-turn coil, single-turn or multi-turn.

13. The magnetic field sensor of claim 1, further com-
prising at least one electrode between the sense element and
the substrate to form a capacitive sensor, wherein capaci-
tance of the capacitive sensor changes in response to mag-
netic field.

14. The magnetic field sensor of claim 1, further com-
prising a piezoelectric sensor, wherein an output of the
piezoelectric sensor changes in response to the magnetic

field.

15. The magnetic field sensor of claim 1, wherein the
second coupling element further comprises a first rotational
lever that rotates about the first axis, a second rotational
lever that rotates about a second axis and a flexible element
connecting the first rotational lever to the second rotational
lever.

16. The magnetic field sensor of claim 1, wherein the first
clectric current and the second electric current are AC
modulated.

17. The magnetic field sensor of claim 1, wherein the first

driving element 1s coiled-shaped.

18. The magnetic field sensor of claim 1, wherein the
second driving element 1s coiled-shaped.

19. The magnetic field sensor of claim 1, wherein the
colled-shape 1s a half coil or a single-turn coil or a multi-turn
coil.

20. The magnetic field sensor of claim 1, wherein the first
driving element 1s balanced about the first axis.

21. The magnetic field sensor of claim 1, wherein the
second driving element 1s balanced about the second axis.

22. The magnetic field sensor of claim 1, wherein the first
driving element, the second driving element, the sensing
clement, the first coupling element and the second coupling
clement are constructed from a same material.

23. The magnetic field sensor of claim 1, wherein the first
coupling element and the second coupling element 1s con-
structed from a first matenal, the first driving element, the
second driving element and the sense element are con-
structed from a second material.

24. The magnetic field sensor of claim 1, wherein the first
driving element and the second driving element 1s con-
structed from a first material, the first coupling element, the
second coupling element and the sense element are con-
structed from a second material.

25. The magnetic field sensor of claim 1, wherein the first
driving element and the second driving element 1s con-
structed from a low resistance material.

26. The magnetic field sensor of claim 1, wherein the low
resistance material 1s highly doped silicon with resistivity
less than 5 milli Ohm cm.

27. The magnetic field sensor of claim 1, wherein the low
resistance material 1s metal deposited on silicon.

28. The magnetic field sensor of claim 1, wherein the low
resistance material 1s metal.

29. A method of measuring a magnetic field along 2-axes
comprising;
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driving inner drive current through an inner drive coil

causing displacement of the sense element related to

the magnetic field;

driving outer drive current through an outer coil at a phase

that 1s substantially ninety degrees phase shifted rela-

tive to that of the inner drive current, causing displace-
ment of the sense element related to the magnetic field;

measuring the displacement of the sense element, 1n
phase, using the outer drive current;

determiming the magnetic field of the sense element along,

a first-axis;

measuring the displacement of the sense element, 1n

phase, using the inner drive current;

determining the magnetic field of the sense element along,

an second-axis;

terminating the inner drive current and the outer drive

current.

30. A device comprising:

a magnetic field sensor including,

a first driving element where 1n, a first electric current
flows through the first driving element, a Lorentz
force acts on the first driving element resulting 1n a
torque about a first axis 1n response to a first mag-
netic field along a second axis substantially parallel
to a plane of a substrate;

a second driving element where 1n, a second electric
current tlows through the second driving element, a
Lorentz force acts on the second driving element
resulting in a torque about the second axis 1n
response to a second magnetic field along the first
axis substantially parallel to a plane of a substrate;

a sensing element configured to rotate about the first
axis substantially parallel to the plane of the sub-
strate 1n response to the first or the second magnetic
field;

a first coupling element that mechanically couples the
first driving element to the second driving element;

a second coupling element mechanically couples the
first driving element to the sensing element and the
first driving element, the second driving element, the
sensing element, the first coupling element and the
second coupling element are disposed 1n the plane;
and

at least two anchor configured to connect the first
driving element to the substrate and at least two
anchor configured to connect the second driving
clement to the substrate.

31. The magnetic field sensor of claim 30, further com-
prising at least one optical sensor for detecting motion of the
sense element, wherein output of the optical sensor changes
in response to the magnetic field.

32. The magnetic field sensor of claim 30, further com-
prising a piezoresistive sensor, wherein resistivity of the
piezoresistor sensor changes in response to the magnetic
field.

33. The magnetic field sensor of claim 30, wherein the
colled-shape 1s a half coil or a single-turn coil or a multi-turn
coil.
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